Introduction
T h e energetic requirements of skeletal muscle during high-intensity exercise are met primarily by the anaerobic metabolism of glycogen and phosphocreatine stores. Under these circumstances, the rate of muscle glycogen breakdown is rapid and results in a marked rise in plasma and muscle lactate levels. Because the extent of glycogen depletion may be substantial, a few consecutive bursts of intense exercise to exhaustion are sufficient in theory to cause the total depletion of muscle glycogen, a process that may put into severe jeopardy an animal's capacity to survive in 'flight or fight' situations. Therefore it is imperative, especially for animals that rely heavily on high-intensity activity, that mechanisms exist for the efficient and rapid replenishment of muscle glycogen after exercise. In fed animals, the carbon precursors for the restoraAbbreviation used: PEP, phosphoenolpyruvate. tion of muscle glycogen can originate from dietary sources. However, under conditions of food deprivation, the post-exercise synthesis of muscle glycogen depends exclusively on endogenous carbon sources such as lactate. This was recognized over 70 years ago by Meyerhof [l] , but despite its apparent simplicity, Meyerhof's view that endogenous carbon precursors have a role in post-exercise glycogen synthesis has been at the centre of an enduring controversy, to which a number of Nobel prize laureates (Otto Meyerhof, Carl Cori and Hans Krebs) and others have contributed. T h e purpose of this paper is to provide a brief overview of issues at the heart of the controversy on post-exercise glycogen replenishment. First, we will examine the evidence supporting the view that, after exercise, muscles restore a substantial proportion of their stores of glycogen, even in the absence of food intake. Secondly, the importance of lactate as a source of carbon for the synthesis of muscle gly-cogen will be evaluated. Thirdly, we will address the highly controversial issue of the extent to which muscle itself has the capacity to synthesize glycogen from lactate, an issue that raises the question of the identity of the intramuscular pathway responsible for the conversion of lactate into glycogen. Finally, we will discuss the physiological importance of this pathway relative to the contribution of the Cori cycle in vivo.
Post-exercise glycogen replenishment from endogenous carbon sources
The proposal that, after exercise, a substantial proportion of glycogen is restored from endogenous carbon sources was first put forward in the early 1920s by Meyerhof [l] . In experiments using isolated frog muscle preparations, it was found that the rate of oxygen consumption was too low to account for the rate of lactate disposal, a finding that led Meyerhof to suggest that most lactate was converted into glycogen [l] . On the basis of these findings, the view developed that the excess oxygen consumption normally associated with post-exercise recovery ('oxygen debt') is a consequence of the energetic processes that are required to support the synthesis of glycogen from lactate [Z] . However, with the advent of radiotracer methodologies, a number of studies starting in the 1960s seriously challenged the view that lactate is converted into glycogen after exercise, since it appeared that the primary fate of injected radiolabelled lactate during and after exercise was oxidation, rather than conversion into glycogen [Z-41. These experiments were subsequently criticized on the grounds that (1) they were conducted in animals submitted to exercise of only moderate intensity, a condition known to result in only minimal accumulation of lactate, and (2) were not related to changes in muscle glycogen levels, except in the study of Brooks and colleagues [5] , who showed that, after high-intensity exercise, glycogen levels remain low and stable, with no evidence of replenishment.
It was only in the late 1970s that these findings were seriously challenged and support put forward for the original Meyerhof hypothesis. Hermansen and Vaage [6] showed that after high-intensity exercise, a substantial proportion of muscle glycogen in humans is replenished from endogenous carbon sources. In the following decade Hermansen and Vaage's findings were corroborated by others, although the extent of glycogen replenishment after exercise was somewhat lower [7-lo] . Other studies in the 1980s showed that during recovery from high-intensity exercise, glycogen restoration from endogenous carbon sources is a process that takes place in a wide variety of vertebrate species, including fish and reptiles [ 111. Indeed, our studies established that most glycogen mobilized during exercise in amphibians is replenished during the ensuing recovery period [ 12,131. Despite the dramatic 'paradigm shift' which has taken place over the past 15 years, one puzzling problem was the apparent absence of glycogen replenishment in the rat after exercise of high intensity [5] . Our own recent work has established that the rat resembles other vertebrates in that it can support muscle glycogen replenishment from endogenous carbon sources during the recovery phase after high-intensity exercise [14, 15] . In summary, it is now clearly established that animals recovering from highintensity exercise can replenish a substantial proportion of their muscle glycogen stores even in the absence of food intake.
Carbon sources for muscle glycogen replenishment
The most obvious candidate as a major carbon source for the replenishment of muscle glycogen is lactate, either directly or indirectly through its conversion into glucose. The most compelling evidence in support of lactate as the primary precursor is the existence of a stoichiometric and temporal relationship between lactate disappearance and glycogen deposition during the postexercise recovery period [ 1 1 -141. Studies on arteriovenous lactate balance across human hindlimb also support the role of lactate as the primary carbon source for the replenishment of muscle glycogen [6] , although these findings have been criticized on the grounds of limitations in experimental design [2, 8] . One major source of confusion concerns the interpretation of experiments using radiolabelled lactate. A number of studies have been performed in animals recovering from exercise of moderate intensity that result in only a marginal increase in lactate levels [2, 3, 4] and the relevance of such studies to recovery from high-intensity exercise is questionable since the metabolic and hormonal changes associated with exercise of near-maximal intensity differ markedly from those associated with moderate-intensity exercise. One group [ 161 has examined the fate of radiolabelled lactate in animals recovering from high-intensity exercise Volume 
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and concluded that its primary fate is oxidation. Why studies on temporal changes in lactate and muscle glycogen levels after exercise should be at odds with those using radiotracers is an issue that needs to be addressed.
Other than lactate, Krebs and Woodford [17] suggested that the intramuscular pool of glycolytic intermediates and glycerol 3-phosphate could contribute to the replenishment of glycogen after exercise, but more recent studies indicate that the magnitude of the changes in the levels of these carbon sources in both humans and rats are so low as to preclude these compounds having other than a secondary role [8, 14] . Amino acids and glycerol have also been identified as possible carbon sources for glycogen resynthesis [18, 19] , albeit on the basis of studies of recovery after exercise of moderate intensity. Whether amino acids contribute significantly to glycogen replenishment after high-intensity exercise remains to be established. In summary, although a number of studies identify lactate as the major carbon source for the restoration of muscle glycogen, its importance relative to that of other carbon sources is still unresolved.
The intramuscular pathway of lactate glyconeogenesis
Lactate conversion into muscle glycogen can occur via two distinct pathways, Cori cycling and muscle lactate glyconeogenesis. Hepatic gluconeogenesis has the capacity to convert lactate into glucose which, after its release into the blood, may then be converted into muscle glycogen, a process known as Cori cycling. The second pathway, muscle lactate glyconeogenesis, operates exclusively in muscles rich in either fast-twitch red or fast-twitch white fibres, and is absent from muscles rich in slow-twitch red fibres . The existence of this pathway has been at the centre of much debate since Meyerhof's original observation that isolated muscles have the capacity to synthesize glycogen from lactate [l] . Although there is incorporation of radiolabelled lactate into glycogen in in vitro muscle preparation, the issue was raised by Krebs and others [17, 24] as to whether this represents net glycogen synthesis from lactate or results from isotope equilibration. It is therefore important to provide evidence that glycogen labelling is accompanied by an increase in muscle glycogen content. Experiments of this trpe indicate that the rates of radiolabelled lactate incorporation into muscle glycogen in vitro [ 12, [20] [21] [22] [23] [25] [26] [27] are compatible with the rate at which glycogen is deposited in the presence of lactate [20, 21, , implying that incorporation of radiolabelled lactate into glycogen results from net synthesis rather than from an isotopeexchange reaction. Moreover, the rates of glycogen synthesis from lactate in muscles in vitro are sufficiently high to account for the rate of glycogen replenishment after exercise in vivo. In these experiments, the net contribution of the pool of glycolytic intermediates to the synthesis of muscle glycogen is unlikely to cause any serious overestimation of the rates of lactate glyconeogenesis in vitro, since most of the studies cited above used unstimulated muscle preparations in which the size of the pool of glycolytic intermediates is generally acknowledged to be small. Although, in theory, certain intramuscular amino acids could contribute to the resynthesis of glycogen by their conversion into phosphoenolpyruvate (PEP) and metabolism via PEP carboxykinase [ 3 13, this is unlikely as 3-mercaptopicolinate, a potent inhibitor of PEP carboxykinase, does not impair muscle glycogen synthesis in vitro [21] .
Lactate glyconeogenesis in muscle: does muscle pyruvate kinase catalyse a physiologically reversible reaction?
The pathway whereby lactate is converted into glycogen in muscle differs from that of the liver, although both involve fructose 1,6-bisphosphatase [23] . In marked contrast with the liver, incubation of muscle preparations in the presence of either [2-'4C]pyruvate [26, 27] or [2-'4C]lactate [21] results in the labelling of only carbons 2 and 5 of the glycogen-glucosyl residues, whereas in the liver carbons 1 and 6 are also labelled. These findings indicate that lactate glyconeogenesis in muscle does not involve the intramitochondrial pool of dicarboxylic acids and that the pathway takes place exclusively in the cytosol [21, 22, 26, 27] . One still unresolved and controversial question is the identity of the metabolic step(s) responsible for the conversion of pyruvate into PEP, since pyruvate carboxylase in muscle is either absent or present in trace levels [32] . In the absence of this enzyme, two pathways, both of which are compatible with the observed pattern of carbon labelling, have been proposed to explain the conversion of pyruvate into PEP. One of these pathways involves the cytosolic enzymes, 'malic' enzyme, malate dehydrogenase and PEP carboxykinase [28, 32, 33] . However, the role of this pathway is questionable given that the levels of PEP carboxykinase in muscle are far too low to account for the observed rate of lactate glyconeogenesis in vitm [34] , a finding consistent with the absence of any effect of 3-mercaptopicolinate (a potent inhibitor of PEP carboxykinase [35] ) on the rate of lactate glyconeogenesis in rat muscle preparations in vitro [21, 22] . The operation of this pathway poses yet another problem in that the conversion of PEP into glycogen requires that the metabolism of PEP via pyruvate kinase must be minimal, implying that pyruvate kinase must be inhibited. There is, however, no known inhibitory mechanism, allosteric or covalent, whereby the high activities of pyruvate kinase in muscle may be inhibited under physiological conditions.
The PEP carboxykinase-'malic' enzyme pathway was originally proposed [28] to meet Kreb's criticism [ 171 that pyruvate kinase catalyses a thermodynamically irreversible reaction in vivo which precludes net synthesis of PEP from pyruvate other than via a mechanism that bypasses pyruvate kinase. There is no dispute that the hepatic isoenzyme of pyruvate kinase catalyses an irreversible reaction in vivo, as the mass-action ratio of hepatic pyruvate kinase is undoubtedly far from equilibrium (Table 1) . Moreover liver pyruvate kinase possesses a number of kinetic and regulatory features typical of a non-equilibrium enzyme. Its levels are low in liver and the enzyme is responsive to changes in nutritional status and is regulated by allosteric effectors (alanine, fructose 1,bbisphosphate) and reversible phosphorylation mediated by CAMPdependent protein kinase [39a] . In marked contrast, the isoenzyme of pyruvate kinase found in muscle resembles in its properties enzymes operating close to equilibrium, such as lactate dehydrogenase [40] . The levels of pyruvate kinase are high and comparable with lactate dehydrogenase in muscle and the binding of PEP follows a hyperbolic velocity saturation plot. Moreover, there are no known activators or inhibitors of the isoenzyme which at physiological concentrations could regulate enzyme activity and the enzyme is unresponsive to changes in dietary status. These properties raise the intriguing question of whether it is appropriate to extrapolate from liver to muscle and assume that muscle pyruvate kinase catalyses a thermodynamically irreversible reaction in vivo. Does pyruvate kinase have the capacity in vivo to convert pyruvate into PEP through the 'reversal' of its 'normal direction of flux' at a rate high enough to account for the measured rate of lactate into glycogen conversion in vivo as suggested by Hiatt et al. [27] and Dyson et al. [41] ? For this to occur, pyruvate kinase would need to Table I Comparison of the mass-action ratio of pyruvate kinase in rat muscle and liver with its equilibrium constant The data for muscle H + and free ADP levels are taken from Wallimann et al. [36] , those for PEP, pyruvate and total ADP levels from Beis and Newsholme [37] and Williamson and Brosnan [38] . and those for ATP levels from Wallimann et al. [36] and Williamson and Brosnan [38] . The pH-independent equilibrium constant (Keg = I .3 x 10"-I 0 x 10" I/mol) for the reaction catalysed by pyruvate kinase is taken from McQuate and Utter [39] . in vivo and there would be a requirement for the mass-action ratio to favour net conversion of PEP into pyruvate. It is now recognized that the free ADP concentration in muscle is markedly lower than the total ADP concentration because most of the nucleotide is bound to myofilaments [36] . This fact has a major impact on the calculation of the mass-action ratio. Calculation of the mass-action ratio in muscle using a range of published values for the concentrations of reaction components (Table 1) shows that the calculated ratio is very close to the published equilibrium constant for the pyruvate kinase reaction, a finding consistent with pyruvate kinase catalysing a reversible reaction in vivo.
The calculated mass-action ratio of the muscle pyruvate kinase reaction based on the free as opposed to total ADP concentration is 0.02 x 10"-13.0 x 10" (Table l ) , whereas the equilibrium constant is 1.3 x 10"-10.0 x 10" [39] . These calculations, however, need to be interpreted with some caution, and for the issue to be addressed properly several limitations need to be overcome. First, the concentrations of the free levels of substrates and products in their appropriate ionic forms, such as MgATP [42] , need to be determined for use in the calculation not only in resting muscle but also during the post-exercise recovery period. It is also important to determine the levels of these ionic species in the cellular compartment(s) occupied by pyruvate kinase, and to establish the levels of Mg2+, K+ and H + since these affect the proportions of the different ionic species and the equilibrium constant of pyruvate kinase [39] .
Relative contributions of Cori cycle and lactate glyconeogenesis
The relative importance of hepatic gluconeogenesis and muscle lactate glyconeogenesis to the post-exercise resynthesis of muscle glycogen in mammals is still a matter of much debate. In fish, amphibians and lizards it is now well established that hepatic gluconeogenesis plays only a minor role in the post-exercise replenishment of muscle glycogen, compared with muscle lactate glyconeogenesis [ 11,121. Although [6, 7] , whereas other investigators have concluded that this pathway plays a lesser role [8] . It should be pointed out that this latter study involved an exercise protocol that was associated with only a modest elevation in plasma lactate levels, a factor reported not to favour lactate glyconeogenesis [ZO] . Recently we have shown that the post-exercise replenishment of muscle glycogen is not significantly affected by hepatectomy compared with sham operation [12, 14] , a finding that suggests that the liver is not essential for the resynthesis of muscle glycogen after high-intensity exercise. One of the problems associated with this experimental approach is that hepatectomy may provoke acute metabolic and endocrine compensatory responses that increase the contribution of muscle lactate glyconeogenesis, thus causing an underestimation of the contribution of hepatic gluconeogenesis [ 141.
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Conclusion
This paper has sought to examine critically the controversial question of muscle glycogen replenishment after high-intensity exercise. It is now clearly established that there is glycogen resynthesis after exercise from endogenous sources, lactate most probably being the major precursor. There is substantial evidence that muscle itself has the capacity to synthesize glycogen from lactate, one remaining uncertainty being the relative contributions of lactate glyconeogenesis compared with the Cori cycle in vivo. The one major question still to be resolved relates to the identity of the pathway whereby pyruvate is converted into PEP and hence to glycogen. We propose, contrary to prevailing views, that the mass-action ratio of the pyruvate kinase reaction in muscle may be compatible with this pyruvate into PEP conversion being catalysed by pyruvate kinase. 
